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SUMMALRY

n a previous Report by the author, experimental stress intensity
factor range *4.404-distributions derived from crack propagation rate
measurements were presented for a pin-loaded lug. It was shown that cra-'k "-"_"-
qrowth rate at short crack lengths was much faster, by up to almost ai -
order of magnitude, than predicted by available fracture mechanics
solutions. It was proposed that this was due to the action of 4'rictional .. .- .,
forces between the pin and hole surface. These forces are normally ignored, ,..>-
it being assumed that load is transferred by radial pressure alone.

Further crack propagation rate measarements have been made on lugs
with normal cloarance fit pins which confirm the earlier results.

SExperiments are described in which the frictional forces were reduced

by lubricant and removed altogether from around the crack origin using pins -
with flats. It is found that crack propagation rate at short crack lengths
is significantly reduced by both of these measures, indicating values of ,.,.......
aN nearer to those predicted ignoring frictional forces.

It is found that the inclusion of the action of frictional forces in
Sfracture mechanies analysis of a lug leads to an increase in the predicted '

" (, at short crack lengths. Closer agreement with experimental results is . .
obtained if It is assumed that these forces build up more in the region o.
the crack origin and are therefore effective for the important region of
short crack lengths.
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I INTRODUCTION

In a previous Report , the author presented experimental stress intensity factor

range (AK) distributiong derived from crack propagation rate measurement.4, for the case O 0
.j of a pin loaded lug. It was shown that AK at relatively short crack lengths vat higher

than predicted by available frAct.ire mechanics solutions. It was suggested that this

effect was due to the omission of the effects of frictional forces between the pin and

hole surface in theoretical analyses of crack growth behaviour. Studies of fretting

fatigue using plain specimens with fretting pads have shown that relative slip between

two surfaces leads to the build up of frictional forces and that these forces can cause a

significant increase in crack growth rate at short crack length*s.

The results are presented in this Report of the subsequent work which has been '

carried out investigating the action of frictional forces in lugs in order to understand .

rthe observed crack growth behaviour.

Crack growth measurement experitments have been carried out on lugs in which the

frtctLonal forces around the crack origin were reduced or removed altogether. The

results, which are presented in section 2, allow an assessment to be made of the

magnitude of the effect of frictional forces on crack growth rate.

It is found that the reduction of frictional forces by the introduction of a lubrt-

cant between the pin and hole surface leads to a reduction in crack growth rate at short ,_-"_•_•

crack length*. The removal of these forces altogether from the area of the crack ortgin0

by the use of a pin with flats machined oan leads to an even greater reduetton iti growth

rate. It is concluded that the presence of frictional force* in a lug with a normal dry

*• assembled clearance fit pin is sufficient to cause the high crack growth rates observed

Therefore, ta order to predict accurAtely the rate of crack growth, these frictional S_•
forces tmuyt be included in the mdel for the analysis. in order to do this, the magat-

tude and dt*Lrbution of radial pressure •nd frtctional forces must be known. The

derivation of an estimate of thesei distributions, fron work described prcviouslyl, ti

described in section 3. * 0
-Preented int seton 4 ar, the results of Including the actton of frictional forces

in a fracture * tchanics an•lyst•, to see It the observed tre•ds can be predicted, In a

',*. stitiar tanner to the predictions af Kdwarde and COwk for the ease of plain tpecit•ens

with fretting pd*s. Seasitivtty of the result to the nature of the atsumption it then
checked in order to tdenctfy the iaiporAnt pareraeters which control the growth of c rack

* in a lul. It tit found thAt the effects of using norttal Aans with and without lubric~at

ad•n pins. with flat af the rAte of gr.wth of 4cracks eart be predl.ted wel. The aetu4l

% t~gagntzde of th.i fricrtional foreuat close to the crAck ortgin arefud toUU1e be very

ivoccan, SOVerning the drow-ch of s*all cracks. 9

*. 2.1 Specitens and AtOerals.

The bag used in this teries of esporialantl is thown in% )yg 1. it emit be seen ctha

It it reltativ•ly thick ((thiCkt,#Od (t)tdiam-er (d)) O.14)J, hiCh lea* to craCk
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initiation taking place near the corners at the minimum section due to pin bending4 ,5.

Generally, fatigue cracks started propagating as a semi-ellipse froma an initiation point

about I mm f roma the corner along the bores They quickly became quarter-elltptical on
breakina through to the surface and remained itq this form for miost of the remaining life.

The specimens were Waifactured as a single batch fro~a the same welt of BSZL65*
aluminium alloy material.

The lngs were assembled in three conditions: L:A~~%V

(a) Some of the tugs were assembled with daegeased clearance (0.03-0.2L%) fit * .

steel pints. This is the same condition as tested and reported Previously1 and was
2K, used in order to confirtu the results obtained. v x

(b) Several lugs were assembled with a water displacing penetrantltlubric~at, .t 9w
replenished at regular intervals throughout the test without dismantling the

assembly. Studies of fretting fatigue using a1tutntum alloy plain specimnens with
selfrettinig pads hae shb that frictional forces can berduesinfc tl *'

by such a compound.

(c) The thtr'd batch of logts was assemabled using pins w~ith flats, as shown ill the ,

inset to Pta I. A pin flat angle0 of 60' was chosen tQ gtve a sianif Icant im~prove-

Ma4nt in fatatte strength. As, deýcrbed4 iLe a rowtey of tmethods* of iwvrovtng the
fa-tigue petformAncta of tuosp With suchJ pintso failureoo plAce int the vrtfrected

regionl Qf the hole at th" Meletteu s4Qtioe to Let apromtey th same locatton as .

ig Ims -assdmbljed usin ttrs t ifts with and VWithou W iatCondit tonfs (a) and &½~',
(b bv.Th4s, the-ro were 114 r-Adial or sh,~g- a~ -ed ~thtn a 4CQ J-y.4.,:

sijde Of ýthecak ni

ing ~ ~~~~~~ ~ ~ ~ ~ $44Igu4 44-t %$h ,h lo*ootd yg_*-it~§f~

O~~~~~~~t~~4 Wtoe~ss Tepoeueadpe sbe desribed iW dorAil pcvC*OU0lyk.'

Atad vilt thereford odty bea outlined here. The imeus~ft werA biecteaz to A repott4in

dtt4C. aa'tt aart§asq t i '4

"4 dtstan~ ~gr bozsnn rho thsr r w... VWt~~.a.Ai-

th qb nu&oro tce t heht#. hecac otAt pttCAiM44 t4 this Ctate ý44 taken%
to V. 10.-&444 betveen the *Atksr 104*s A'te oAb~er 4f Cstlee14 in eAtIA block an#d srrcf ,

logic wkvd W4Thted u. toetayLt 44ch AsA444ts 'r~oeAltiIO to aAiv futl 4atkid4a
fncuvesolase iviA ig~ Ae'lr~ t s4hb tact lgieitth. ThW Wv*I 1t0 at

M~itN W44tntfsdiku %Aref re4qiceW tN tihe leovio vi Cth uP44ttng ý444tte)wa the sg446
far tto tio t4cOS 4# pin ih awtoUt btiitaor, bUt had uo be inete.u4isod fin '

the est ssi4 pS~s ithflat is wre oto pr to failureu in sa M la-r 4w4ra .. >~
;V 4 ii,~
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4 o5initiation taking place near the corners at the minimum section due to pin bending4'".

Generally, fatigue cracks started propagating as a semi-ellipse from an initiation point

about I a from the corner along the bore. They quickly became quarter-elliptical, on 4 - .

breaking through to the surface and remained in this fort for most of the remaining life.

The spectiens were manufactured as a single batch fro4 the saw m•lt of 88$2L65 '. .* ' ,

aluminium alloy material. t

The lugs were assembled in three conditions: [ .

(a) Some of the lugs were assembled with degreased clearance (0.03-0.21%) fit ".4.

steel pins. This is the same condition as tested and reported previously1 and was

used in order to confirm the results obtained. *

(b) Several lugs Were assembled with a water displacing penetrant/lubric•nt, . .

replenished at regular intervals throughout the test without dismatling tieh

assembly. Studies of fretting fatigue using alumiaium alloy plain specimens with

steel fretting pads have shown that frictional forces can be reduced significantly

by such a compoundi::

(c) The third batch of lugs was assembled using pins with flats, as shown ia the

inset to Vti 1. A pin flat angle of 60' was chosen to give a significant improve-

ment in fatigue strength, as described in a review of methods of improving the

fatitue performance of lugs7. With such pins, failure took place in the unfretted

region of the hole at the minimum section, ie in approximately the same locAttan as ....

in luga assembled usin normal pins with and without lubricant, conditions (a) and

(b) above. Thus, there wer4 no radial or dhear forces within a 60* arc oa either %

side of the crack ortitg.

HteAsureoeants of crack propagation rite tei the Lugs were tade by post-fatlure frac- ,. ,,
ture turface analysis. The prucedure 4d.,pted has been detcrtbed in detail previously, A, .*,A .. ' A.'l

and vwil therefore only be outlined her4. The speotmetts were tubjected to a repeating.

two level hieh-low block prograsae loaiing se4uetwe shoon seheewtitally an lig 2. The

rv-peatting black of seversl thoaisand 'Ohta levtl' cycles marked the fracture surface with A '~.

series of finte ines, a11 shownM in OV6 ottrurp of Fig 1. mj4AaUrdeCn of the . 4

ditancee between the marker linest, using4 an optical microscuop, allowed direct deter-t
at otaftn of the croci. pr agatia rate at the Mhier lad levte bj dividtn this dritantes

by the ~~ttýitr df yelds if% the hlock. The erack leng~th perittaini to thtis fate wtas taken t
tob tda bto te*ekrltw.Te ubr 4eclatteach block 44 stress A..

leftels %wereadjse 41* as naecesary foe easch aastoebty .oaditiaa tj achieve 4 finely *Arked *A.'

fracture *Urface ivtiO# good rsolution at thr¢t Oratck lengths. The strS, level Ut

whlich imeatsuro emr required (thte hIdNto~vtl in the VCOCa s'4esuece, A was litzw am

for the t~w casest of twcuat pins with *td witthout lubri~ant, 'but had tto be incereased Itt
, A.' :; .', ..

the te ts snA Pins Vth flats ink uwddr t'j Peo-WO £ te lure (l a simlar ttuat E ,-A4f %

cycIds. *A~



Values ot AK were obtained f rom the crack propagation rate measurements using

materials data of AK vs crack propagation rate obtained on specimens for which an

accurate stress intensity factor solution was available. As in the previous work1  the

data for SS2L.65 material was takeni from Ref 8, which used Rets 9 and 10 as its sources.

As discussed previously, Pearson s data11  for R (a minimum stress/maximum stress) -0

loading, obtained on thicker specimens (12.7 mm insteAd of 5 ma), suggests that the data

used may produce values of AK at a particular growth rate between 10-20% too high in

the range under consideration. This point will, be referred to later. 11,1 order to allow

easier, direct comparlson. the AK values we're normalised to obtain the .:orrection func-

tion Y by dividing by K0 ( rn /&); where a is the alternating gro~ss section stress.

A crack propagation rate vs crack length (a) graph for one example of a lug with a

normal dry clearance fit pin is plotted on Fig 4 and for a lug loaded by a lubricated pinP

in Fig S. The corresponding graph for all three lugs tested using pins with flats is

presented in Fig 6. The desired values of Y for all specimens are plotted &agaist

relative nrack length Ca/r) on Figs 7 to 9 for the cases of normal dry pins, lubricated

pins and pins with flats respectively. M~ean lines were drawn by eye through the data, as

shown on these Figures, and these lines are compared on Fig 10. The only case for which

drawing a mean line was difficult was that for lubricated pins at short crack lengths.

this point will be referred to in the next section.

2.3 Discussion of crack propagation test results

2.3.1 Clearance fit pP'. with no lubricant

As sti~ted earlier, this ts the pin coud~iton for which results were presented and

discussed in dezatl previouslyl. At that timoe only two results foe lugs of BSZL65

material were available. The reaults ior three further specimens can owv be comapared

with the ortginal data. The derived values of Y for all specimens are plotted on

Fig 7. It can be teen chaL there is very little scatter in the results, the later

roaults conftirtatag thase already presetetd, in particular the high vAlues of Y at short

crack lengths.

2.1.2 Lubricated pias

The resUlts for Clea~rance( fit Plns with MW 14hrICAM indicated that the low level

marker loadd were hardly damaging,. the atunfbar UA, r.C4- up to failure at the higher level

coapartmg reasooably well vith the lod mean life achieved In noartl constant Amplitude

fatigue tests at that landintg level1* Thus, the CoMparison Of live* at the higher level

for the lubricated pin tests vith the results free twormal fatigue tosts using dry,

*uolubricAtied pits should give A reliable ftasuro of the beneficial effect oa life of

using the lubricant. The resulct iiadte~t that the use Ot lubricAnt leads to Ad iACrease0

in 0fti*.krtW* bYt a fActOr at aPProXimteMtly 2.6. I -.
Thurting nue to tOW crack growth rate akastarCments,* a lot of scatter was obaerved to

K. the resiults Of the Nour sPecimnstar* 99CrACk lengths less theA 1 00. (lrUVth tended to be*
* erratic. this was probably due to thit difficulty in mainctainin fresh lubricant on the

pin at All ttiaes, U the babrU~ica bteomes less effetivetf add Mtgrates avay truea hth



area of the crack origin, the frictionaL forces qould be alLowed to build up. The

results derived from aLl four specimens are presented on Fig 8 which plots the values of
Y against reLative crack length air . It was assumed that the lug which exhibited the

generally lower crack rates at short crack Lengths was the one in which the most success
was achieved In keeping fresh lubricant on the pin during this phase of Life. Therefore

the mean curve was drawn through the results for this particular lug for a/r < 0.15 "
The crack growth rate measurements for this Lug are presented in Fig 5. This graph showi s.

that after some sLightly erratic behaviour for crack lengths less than 0.5 um, growth -
rate increased fairly steadily to reach a peak at around 2 m. The crack then slowed
down over the next I mu to reach a rate which remained fairly constant up to 7 mm.

Comparison with; the result obtained using a dry pin (Fig 4) shows that growth rate -.

was significantly Lower at aLL points. This is reflected in Fig 10 which compares values 9
of Y against a/r for the three experimental cases.

- 2.3.3 Pins with flats

These crack propagation tests had to be carried out at an alternating stress level
which was approximately twice that employed ia the tests using normal pins with and '

without lubricant. This was due to the Large Increase in tatigue strength which can be

achieved using such pins 7. The increased stress Level weant that the tests were
conducted in a region where changes in fretting d4mage would be expected to be Less
effective. However, the results tidicAt A life timprovement factor due to the use of .

pins with f•Lats of between 8 and 2S.

"The low number of ratOe eaSureMntts mude on each specimen allowed .he results for
all three specimens to be plotted on Vig 6. When viewing this Sraph, it must be

reweabered that tEe applied stress levels were constderably higher than ia the tests S 0
Susint normal pins. This would not be espectod to Affect the derived Y distributions

* Although the growth rates weret hiher. it is obvious that the forta of the curve is very
different fruo Ere ottter two cAsks ia th4a crAck rquwth rate it•re,40d fairly steadily to

falure. ehere tag no podk or perio of -. ofd4at growth rate. S.

The scatt.Eer ti cr4ck propration behvtiour for the three 4ases can be assessed by

ce•parind fill 7. 3 and I which previent the dcrived VAlues of Y aSAinst A/r for all .

APeCimenA tdested. it Cank be dseen that the usec of pinsi with flats led to Loss scAtter kfk*Crack JCr.Wth At short crack L-ettgths than the lUbricAted Pins. HoNer, 4t CraCk le"che .

S..l'•+°% .'' o • "

above )-4 = the. p tin. vith tiats W4 to the rtesF te•t scr In rvsults of 41l thre "" '
exprime*_ntaL cases. heeteeeteeprietlrP04tibility 4PP4,4. to bc adequate. 2*

2..4 CoVp ian of behaviour oft thre cases tested -

The0 owan eýufvo* of Y vu All r for ~All thraee dexporiactm l eav1es1 Arc compared on

Via ILA- Is Y tt nOO-diectasioa tW f4Ct that dit.fferen A:t s s VelS ftre aPPlied Ut

loadod by A norvAl dry pla werc ntw prubduzod by the 4cases of lubrtqc~ted pins air pins with

t lAts. Thv reuclttift of frictionatl. forces by the Itttroductioa of lubrctican led to a*
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sharp fall in Y for a/r < 0.1 , and the removal of all frictional and radial forces

from a large area around the crack origin led to an even larger fall in Y for the case

of pins with flats. '

The affect may be vtsualtsed better by examining Fig 11 which c€mpares crack growth

rates for tr• three cases at the same stress level. This Figure was constructed using

"the mean Y curves of Fig 10, going in the reverse order through the procedure described

in section 2.2 for dcriving Y values from crack growth rate measurements. Also plotted

on Fig 11 is the predicted crack growth behaviour using Newman's solution•i, which was 9.. ..
used as a comparison previously . It can be seon that the reduction and removal of frtc- ' .

tional forces had an extremely large effect on crack growth rate, particularly at short

crack lengths.

The use of pins with flats removes also the radial forces over a large area, but

those close to the crack origin would be expected to retard the cri.ck growth rate. Thus,

the removal of frictional forces appears to be much more important than the removal of

radial forces. This case is probably the closest practical one to the assumption made by

Newman of a single load passing through the centre of the hole. The growth rate curves-t

do in fact look sitilar, although they are displaced from one Another. In addition they

are both very different from the curve for the dry clearance fit pin, particularly at the

shorter crack lengths, where the removal of frictional forces reduced the crack growth

rate by approximately an order of agiattude. Therefore, in order to predict accurately

the rate of crack growth in a lug these frictional forces tust be included in the model

used for the an•lysts. In order to do this, the magnitude and distributton of the radial

and frictionAl forces aruund the hole most be kaown. The derivation of approximate

distributions lu described in the next section.

3 .•tIANISSM Of LOAD TMANS1VXK SKN'MN P IN AND MU;

Work whtch has been carried out aalystaig the stress distribution aro2und the hole
* a~~~~- a luig. ignoring4 frictional, forces. hat been revlee 1  twsswn htte-iti

bution of r4dial pressure is very dependeat utp oa lug goaetry., and n *ingtae exprcision

* - caa be used for all tluS. The reoults presented itditated that, for the lug Seoietry 0 •

* used in Vie crAck propagtuationeperienats described In section 2, a cosine dstricbution

vwas reasun4ble approximation or t the radtal pressure aruuad the holet

" "dilprosure (0 r , ,

where a t*mAcLeo "aluft of d

anA 0 ti ttas*"red frue o• top of thte tele, as shon e n bfir "2.

* .The r44dial stressA aCting On the holt surfceC tit 4talwys native.

Mo~eterf the radial proeslan 04nnot be considered ink 11islactio fqr 4:0111ts %whre

frCtionaftl falrCOO area Present. ijs theseil fOrCesi Vill produ4:e A reSUlC~ta forte int Fh* *

dir tCla 4f pit l1"d, as described Lti the fitrst pdr. of the AtpAptdi. Therefore, the- .



manitisde of the radial Pre49ure Ut All Points around the hole will depend upon the tota
wagntittde of cite fteioa orces. In thair b4-sc ,4tudte% of fretting failu using

* plain %peciaens, W~vAtdt and Cook2 shoved thtat alternating frictional forces increased,
* or built tip, during constant Amplittde Loading. If these force: build tip betveen the pin

;%nd hole surf ace in a lug titan the radial pressure would be expected to chatige during
load cycling si% % result. The author has carried out An experiment which studied tile
magnitude of radial pressure sit one point Arotind tne hole during loAd cycling, to provide
further evidence of the existence of frictional forces, In addition. data was obtlitned9
which Allowed An es.timate to be made of the magnitude of the frictional foc~res.

As the work lus been described in detail previously *it will only be briefly
outlined it.'ro. As it i4 very difficult to measure radial pressure directly. it was
decided to make strain gauge meAsurements on the faces of the lug near the hole. Strain0
gAug~es were boaded to A lug at the top of the hole (0 - 0*) on both faces approximsately
I mm from the hole edge, as shown In Fig 13. The lug was of the same design as those
used In the erack propagation tteAsurements described in section 2. and was toade of
70757 T7351I material. The radial pressure has been shown to be near f.ts Maximum value at

the point of iteasurement for this lug geomtetry * The photoelastic tests which were used
further showed that the hoop stress was negative at the top of the hole and les* thAnt a

quarter of the value of the radiAl pressure at this point. Therefore it Was felt that
unitdirectional striai gauge measuremeats voule give a good inldicAtion of radial pressure_____
itt this Area. The lug vas subjected to a load sequence which was designed to investigate 0
the effect on radial pressuro of cycling at the stress amplitude used in the crack

propagation" toied.tol a uvaan strolss of 95 /MNI2 with an alternatiad stress of 21 NM2
Some dt!Uected resutlts from cthe experiment 4re presented i% Ftig 14, on which is

Lplotted the strain gaule output againset the spplied load. It should be noted that the
strtai MX axis ftor oeah cycle is dispjlaced tu tiaprovv clarity. Thus, each cycle has its
11wtt 'Strain AXis. The lud was first cycle4 betweent rero l0ad and the Maxisoa Iload in the
eracek Pet*Pagateio tesdts. The first strain% vs load curvo is shown as cycle A on Vt4 14.
Very tilttlar cycld* wegre rOfduced hy fivc further Cycles of this 4tvlttude, the only

* d11FereC(AC bcting a ̀ zeCP-dfing of the initial drAdienit. Load cycliar, was then carried out
At thio a4ipit'4e kit thce r4ekriagte tests Os~ ! 11 't/td). The f~irst dtr4an " load
Cot'Ve UNC4tAOIAe '.1 4hot ts yelO A Lit Vtd 1'. 'CYC W C of the sA4 Figure vas Produeod

* t~ iov~t Vi&)rurh~ cyle io tho ssact aaidjttudc. 'spaVrind cycles Is 4ad C. the
QyclOes hbetween'Ct ohViouely h4'd A tat,5q CEi!Ct XA the l2cal ~train history. The tsysitersis

10o4p CloueeJud 4.ftheV Itratti rangeý dcer-caud byý 4SOUt one tthird. The stlope of the
araph, Cxtanged 44rkedt. it c:*n bý-'e act that the !ilopel dvtr -Wlt 4i the W4t34is frang of .*%
efel-! V4ý vAvvq tullae,* onW1 hAlf that ot 4cyi;le C. the aýCtua ch-ange in albop bcettg SSZ.

Ca~ingcottlaedror a 1urthae 1UVW cytcles at the &-i aaPlitudc. ?%aVin4 4 ft~telIgble

k.- tthe %Estran ito

IticeerEln t4 the oarlier disctudsioa, A likl~y axplanAtio" for tho -at u4tkot% hit%.. 5..

r,*dial :)VO!4uVC r4tgC 4.4o t-o cy'rling it that alterfttttin eg ictional foccoet do build uip .. %5

Owen h pit% 4*0 htoil -asurtAc, in a similar emannr ti the forces abservad by Lhtar4%
41-0 (Codk Aft ptAtla a~iesVWA frettidt P44%~ The tfur uf the hsttoeresi 1001)5 4f
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*Fig 14, showing the strAin gang mitptst Aa inst pini Lmd, Ssuggest that the fricinal

* force,4 in tche lug were s.4itlar in nature to those observed in che basic fretting fatigue

* work on plain specietin In that they were hn opposite directions at the maxiaum and mint- ._._,-_•_.-

mum poitnt in the load cycle. As decritbed in the AppetndiX, at the MaXiutam 4tress in the -

load cycle the re.iatntm of the r;diAl and frictional force4) act i the. h m'd direction

"and thus the rad4al pressure aromiid the hole is rwduced by the presence of the frictional
forces. At the maintmnom stregs, the fctitionaL forces are reversed, thus opposing the

reduction in radial pressure due to the decreasing net. *tress. Thus it can be seen that

alternating frictLonal forces lead t• 4a1 overalL reduction In the cyclic range of radial

preasure by causing a reduction in the radial pressure around the hole at the =aximu•.

streas, and an inc.rea'ie in radial ptesmire at the aittatiam stress tit the load cycle.

It Was ,•:crded to asce•'tAsl tiOCeLlcAlly whother a buiLd *ip if frictional forces
could explain the l'rge observed changes in radial pressure. In order to do this, some

approxlIaation had to be tude of the likely distribution of frictional and radial forces.

Virst, it uas assumed that the rAdial pressure followed a cositne distribution

(ar cod U), as explained earlier. Thus the pressure at the laximue an~d emini~um strewss
max

in the load cycle could be calculated in the absctic• of friction.

The ne•t stage was to make an assumption concerning the likely distribution and

A anititde !~f frictional forces. The work of Kdvards and Cook' referred to earlier. La

which they observed the varia•tioa In frictional forces throughout the load cycle, showed -

that the peak alternating coefficient of friction (1 - (frictional force/radial force))

',rises vith increasiag relative slip to A uaximuut value of arouad unity. Therefore it was

assu,•,d that the wLtum value of k occurred near the orttin of the crack where rela-

tive slip betelnca the pILA and hole vurface It at its greatest. At the top of the hle, "

nearest the end of the lad, v taust be z-ro, as on either tide of this potat the fric- -

Stional forces witl Se ti opposite directions. Perthtps the sitaplet function to satisfy .,

the above r etr*mnt -s of the forme L4•i in , prcseuted I% the second part of ",.
Maxxt:he AgPPOadiA t th •e "1*e41,4attft procedd by which *evvr~at vislue of 14 wrer-: tried ta '

order tu •s•ses the theore•t¢• t efe• of fully revcrsed frictioatl forces on the range *
of radial pressurd. It vais found thAt high valuet of t * 4 a ppru-achi unity. led

*to the t,#rdetditio that, the r.AdiaL pressure aroaowl the huol vas dreator at the ataimu

stressi it% the loa4d ecle thati tha*t -At the eutienis Atcess. This tirdc~titon destmistdratet *~*

cthe pocctntiAlly lasrge effect at tirietioIt~ag oce~on -. adial4 pressure. but doesO not 4arlo

vitt the exper.tentcaly ;bddrevd behavtour. it addttiof. this tredidtote doest ntw appar .

to be a PrActical potdsiblItty be-cause as the pia 1o.ad reduecs tvon the 04uisun to thse

tantatmie potat. the reltiktvv slip be.tvoctt the pinandv t ftole st lead to a2 rcdu"..ln hi

radial prasureQ. it wAd fo4udd thkAt a41 v alu tf~ U.) was refluircd to pradict a

re•ductiof tI radial prcostro range Vhiech it clote to the pertenaily .. .

obseroed figuro at Sl. Thus, the prauectW O C4 eildih ttributionf Of alternating friC-

* . ttioa farCes Va% esPlain tho r,-,Uetiot Itn radial wrvuturc ran~ge (4t All pointts around

the balt) itetsto by the , . ts of r .adial acrai d...r.bed.

S " S .. . t. .



The wcork de,4cribed hi thts '4QCti*4 hats provided further ov14ooma of the prelsonce Of

Sti~aftcxnc 4lternating frictional forces witch build up during loAd cycling. further.
xpres4tons for the distributions of radial pro-#sure and frictional forces have been~
devaloped which fit the available tofornation. Those allow the effects of frictiona 'K&W.

*force* to be f~iclidead in a fracture oachanic.% aalysts af a lug, the re,4ults of vhich are
* preaienteij in cthe tuixt *action.

4 MThKTICUAL PRFVDICTtlo14S Of CR~ACK PROPAGATION4 N~ A LUG

4.1 Ptas vith flats 0
* ~Newruan Itt*.'. developed 4 solution to predict the growth rate of a Corner Crack from a

*holo Lto a f (nit* wiLdth 1latit, which is suobjected to A single toad acting through the
13-centre- of the- hold . The raesult of using this *olution to predict crack growth rate vas

ptott" on FL&, It and discussed in section 2.

* ~The only aspect of LuS geomaetry not msodelled correctl~y iro this solution is the
*dlt~tatce frute the hol* to the end of the Weg, measured In Owe direction of the (tensile)

pi o ¶.Thi dsance . Asue to be Infinite in the analysi~s. Ruwever-, for theS 0~~~

c*do the W4~ under cosdrtothis distance tosufiinl lar.ge nt. to ... ec
sigifcanly(<5Z) the stess cncentrati~on factor, dad is Wot Considered to be **AA**

Omport~at in the primocnt attalysis. Newman's solutioni was used to predict the value of
Y -(AKa I) at various value*s of air for the geometry of lug used in the crack -

propag~jtloo te4ti, and the cr'Ack 4-eofttry observed La these tests. The predictions of YC
4re plotted adatamt Aic ont Fig 15. together witch the expertaentally derived values of
YC for the tt-Aovt practteat cAse of 4 lurg loaded by a pia with flats. taken from
oet~on N. o diticutised In thAt *ectton, the pin withi flats used Im the tests removsed :: .*;;:~

rAdiAL 4fnd fritiEOnal forces from ariound the crack origin antd ocentrated the load over
4 12.7twu wide !dtrtp At the tisp of the M4 diameter w to. It is thereore nWt quite

*the dAmc- 44 the singrld load, Acting tru..tgh the centre of the hato &Asuiwd by Neweian. hut *~.~

Lt Li peubably Loisdiht to gt ns~arr this 4made prccettelly. It ecan beett tiot "A,, C'
* thre ~ runa~ rs~en, Mwimau'd aututida restiltift4 ift values of YC about 14Z

dreac4tr thatt tho 'dxpCiaenaatt d'tAt o.vVV *ýt 'it the riatnge if 4iV . &lthough tc it
L*%OdbL 4110that the L-~rtftwttrai 4ft thvoretical eirvios dhuul ?w ufrttew apart, nJWitato

*t-curec t~ whtýLi t4t*dda ta 11,4t,.E%. th ah- p of*~ OWi tW

* - v'o' id~ Vory -4taitatr. T40rqtorc. it V4%6 dolet4* th4c Nocdatts "WtW~L4 "is A &uttable '~

itnto -4 pout. t ttW- url~

CanS &=e ~L ltedlt0 Ofg thoe 440 'J4 4 erxek 'St A hole. t04444 by 44 aritrAtrcy *' *.

4-CtbL~t14t1 of rodial 4nd Efgt'~tiott farceldi its ant iiiteit t Plate satu a C:4teo%'# futte-

ItAon a ktA-t' Chil M..&stett Althisu tay tWCestributioy t Spradialo fnd prctciOAa far4Cesc

ft-l~ I *4 X~mm-cr.it ~i:4% m. ut iS tot pdentirOl vttprot dt e th4o I h d4ci.a tac
, 1of~t r ittA 4,4 #tog qthe-4 *init'OeAc di ezatn b6 the tug b6rtisillarl owidth, ar not e.' 4

*ý--.t C & !t lte idth 4 Ct tul
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For example, Rooke's solution was used to calculate K a&- K for the case of
* S ~p coo .'.'

a crack at a hole f, an infinite plate:

where K - K due to a point loa (actually a uniforn pressure over a very small arc
.Pat the top of the hole),

• ',° . 5.- ~ * .5 ...

and K . K due to A costie distribution of radial pressure. .. .. ...

The value of Y predicted by &vman's solution at each chosen value of a/r was

then multiplied by the ratio K /K , for the saane value of a/r , to obtain an estimate

"of Y for a cosine distribution of radial pressure in the lug used in the crack propga-'

tio; measurement experiments. Thus

K
Y for a cosine distributio (Y fr a p cos

of radial pressure ,hK •
P

Values of Y vs a/r for a cosine radial pressure distribution, are plotte.a on

Fig 16, along with values of Y for A point load, calculated using Newman's soiuwl.on,

taken from F•g 15. Also plotted on Fig 16 are the values of Y for the cases of af pin 'TrtP -

., •with flats and a lubricated pita, derived from the crack propagation experiments described

Sin sect~ion 2. It was stated In Section 2 that a revLeW of available information"

indicated that a cosine radial pressure distribution is a reasonable approximation for

the lug geometry uader consideration. If t•e lubricant removed all frictional torces,

then the experimentally derived values of Y for a lut. loaded by a lubricated pin 1t:ht

be expected to be close to the predictions for the case of a cosine radia.l pressure ,, .,,.,

distribution with no friction. In practices the lubricant will probably only reduce '." , .. ",

rather than remove frictional forces. and the oxperisaental values of Y will thercfore
be hightr. evertheless the two predictions of Y plotted on Vir. 16. to for a point

load and a eosit" radial pteesuro distribution. may be eonsitdered to correspontd to the

* two experimentcally derived results. for a pin vith flato and a lubricated Pin.

* Kaanatonof Vir, 16 shows that the effect of adjusting Newman's solution to alloW fog a

Scotfn radial pre'ssuro distribution, as descrtbed earlier. is to increase tor"

= a/rsl 4 U-I and docroase Y fog lArgor *It . This behavicur is also scon when Conparsift_______

the exerimeeat**s.s the e"rossver of curved takiftg place at 41404C ,eXdetly the seane

• s . ' , .

Srolative Crack longth. At short erA Ick ths, (0.1 1 A/r q U3.2 . the ,-ifor,*, in Cho

eperimental eurvvs is 1tme IreAtor than between tOw rreditctions.- This is probably &W . 5' ~

tio Che lutwieatic only ecdtKcit34 rather th~a rvmavtttg tgtctiuaal forecs, as wmentioed

4. cleArattco fitt J~tt %401hu~t lubri.at '.*t

5o' .%o

~55*The analysts is ftow toene tftinlude th, aeztionf Of frr :L~iWtAl tccces. In a

setctio I tOe t,311ovtna ditegibutiatno of r4,4141 4and- tricttnal tarces around4 the h~aol 9
* ~~~vore de,fttnd tSj~ tv ho tot rpowisery ndj Wo44int tovol uaderavug

So4* Von W-)

* , a~ia es.r~ ( ) ~~ *~'S%
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It was assumed that the frictional forces acted in opposite directions at the maximum and

minimum points in the load cycle. This assumption brings with it the necessity to calcu-

late K at both the maximum and minimum points in the load cycle in order to calculate

AK . In the previous calculations of Y (normalised AK), when no friction was assumed,

this procedure was unnecessary because K at any point in the load cycle was directly "-'.-.',.-

proportional to the applied stress. Thus, for the previous case with no friction:

K K O .,max min AK (4)

a ~~ v'ii r
max mi g

where g (a -a )/2
g max min

and AK (K Kin)/2 " )2 -

NB Throughout this Report, the symbols a and AK are used to define the alternating
.

semi-range of gross section stress and stress intensity factor respectively,

However, with alternating frictional forces, the frictional component has to be

added to the radial pressure component of K separately at the maximum and minimum

paints of the load cycle in order to determine AK . Thus, for the present case with

alternating frictional forces:

K -K
_ max min AK

S(5)2 agv"-raoa - ra '' ' ' "

This point will become more clear later in this section when the calculation

process is described in detail, and the results are discussed. •I_ .

Rooke's solution was used to calculate the maximum and minimum values of K for .- -

the same stress ratio (R) used in the crack propagation tests, assuming a cosine radial

pressure distribution, with and without friction, in a hole in sn infinite plate. In

order to aid the following description, the stages in the calculation process are shown ,

on Fig 17, parts (a) and (b) being for the maximum and minimum points in the load cycle

respectively. Plotted on this graph are values of K/Kb vs a/r

,,(pin load at maximum stress in load c(cle)
where Kb - 'w dt/ (6

The continuous lines on both graphs show the values of K/K at the maximum and
b7

mi•imum points of the load cycle for a cosine radial pressure distribution with no fric-

tion. At any value of a/r

K R x K (7)

In order to avoid confusion it should be emphasized that Fig 17 cannot be compared

directly with Figs 15 and 16 as these two Figures present predictions of Y for a finite

width lug whereas Fig 17 presents predictions for an infinite plate.
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The effect of frictional forc*ýs at maxim~unt loid Is to reduce radial pressure at all

points around the hole and therefore K due to radial pressore oewilbrdcds

*shown by thle dotted squtare symbols on Fig, 17a. At tile minimum load, the frictional

* ~forces act ini thle opposite direction, leading to 3in increAse in1 radial pressure and

conse~quently an increase in K due to radial pregaute, shown onl Fig 17b, again with

dotted square symbols.

At maximum load, the frictional force% act to produce a positive contribution to

K ,shown by the cross symbols on Fig 17a. As the frictional forces act in the opposite

* direction at the knim~um load, they will contribute a negative component to K ,shown by

* the crossed symbols on Fig 17b.

The net result of tile contributions due to radial pressure And frictional focces is-

s hown by the dotted circle symbols on Fig LPa&b. It can be seen that the net effect of

* frictional forces is to increase K for all values of a/r at the maximum load and to

reduce K at the minimsum load. The reiulting increase in 4K due to the inclusion of

the action of frictional forces is shown on Fig 18. The values of K/b for the maximum

and minimum points of the toad cycle for thd cases with and without friction, arc

plotadagins ar o ths igue. The KIK axis is magnified compared with the

previous Figure in order to improve clarity. The results plotted on Fig 18 were used to

ci.ilctc ýe the percentage increase in both AK and K due to the inclusion of the

effec, -J4t cictiontal forces:* 
0_

rAK(with friction) 1
Z increAse ift AK - i 100()

LAK(without friction) j

rK a(with friction) 1
Z increase In K X 100wthtficin (9)

The calculated percitatatt increases in &K and K ae-- plotted asainst i*/r itt

*Fig 19. It cano be seeni that &K is incrtssed. by between 47% at 4/r 0.01. and 16Z St

*a/r - 1.00 for the case of a Loaded hkole in an inf inite plate. la contrast, K,., is

increased by between kinly IQI and 4Z over the saae range of &/r

In order to obttai a ptedicthLot for thle f inite vidth lu-, used in the experiments,

it Vas assumed that fIcttional forces had the sa're effect un AK in both a finite and

OL infinite width plate. The value of Y for a cooine distributioa of radial pressure with

no frictionial forcte around a hole in a finite width leg (Fig 16) was multiplied by the

ratio of &K wit't and without iriet ion, calculated using Lso c's solution. ,.

for radial pressure f~or a cosino c-adial ýK(vlzh friction)

Y \and frictionlfres\peue disrbt~~J A~ihu rcin

* ~**predietitm for 4 lue. prdiection ignoring obtained oain%

With A nurAl piat trictio oee solutiont
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"The resulting values of Y i including the action of frictional fot-es, are plotted -.

against a•r on Fig 20, together with the two previously described predictions of Y . .

"vhich ignore frictional forces.

It should be emph tied that the prediction including the action of frictional

"forces W for the particular lug used in the crack growth experitents under the ...
. prescritbed loading conditions. A different answer would be expected for other

conditiot.s. For example, relative slip in a larger lug would be greater, leading to a -

probable increase in frictional forces, and increased alternating load would lead to

"Increased slip and hence frictional forces. Increased frictional forces would lead to a

greater redtiction in radial pressure range. Thus, the contribution to AK due to radial

pressure would be reduced and that due to frictional forces would be increased, and the

total calculated AK would therefore be different from the case considered in this

section.

Examinat.ion of tig 20 shows that the prelicttofn which inztudes the action of fric-

* . tional forces gives the closest agreement with the experimental result for a dry

clearance fit pin in the important region of short crack lengths. In orde'r to present

more clearly the difference in accuracy between the predictions with and without the

* inchision of the effect of frictional forces, the results presented It- Fig 20 were used

to calculate the errors in the prediction for &K when compared with the experimentat

rtsult. This was achieved by plotting tho value of

""1 - vs A on Fig 21
exp 0)7

where Ye * Y derived frua Lb% eperimaental data foe a cleara•dc fit pin with no
ep lklbricAnt

"Y is culculated value of Y

C4l

The a/r scals (X axis) it MAgnfited eCuared with ig V 20 to concentrate on the

"i"3ort4ant rogtion of short crack lengths. It can be *eett that there is a large improve-

eeat in aecuracy for a/r 4 0.1 . iowever, for longer crack lengths, with a/r > 0.2
thO telrlUsti Of the eftdCt of fIt1ftto4at fOrcut 4taus to asovertattiO of Y of

a *. aititet~oy )UZ. , .. ,:. ,, :,,
" It should be noted tha•t i the predteitoas it -.as assumed that the radial and frtc- I. "

- tiona0 forres r%:Wtt Co•,statt ot thrUa•thOUt the en0tir eracked life, whereas the finite '

eetoneur Vesultt of Hatt tad "MmAina' ifdieAtc that there ard sitrnificant changem in

' radatl pressure distribottao as Ote traek drtws longer. The cotoaequo~at po~atbitttes of

ituciuracies ain the prodi.ttians Rde will howevr b reduced to *o~e extent by the fact

tha4t as the e•ck tip beomes t re r*A eOc trt( the pOtits of applicAttUo of load, the

type at dtitiribuctin atauaed scoewwv less tmskturtdan. No 4ttoitit qas *sWde to 41ll%1 f'ae
-1ioiot i it is the 1rowtt. of ihort Croess~ which if fWa.t Intorest (At' to t*aaa e

a..afact that thtis Phase tWortsiiy okcupiesa the naJority of fatig&ue lieo. Frrhertoree the e~a~~~

Sanoealy t•wen ctheory •ad esperiut~al ewidenre •tlisovercd pr-vioualy wda at short crack

leetdths, *o the analystsa Quteotitrted Con rhis ircta.
i a% ' I'



*4.4 Sensitivity of prediction to assumred distribution of frictional f-)rces

In order to Include the effect of frictional forces in a fracture mechanics

analysis, a relatively sitopl~e approximation, concerning the magnituide And distribution of

-. these forces, was wade, which f itted the limited available information. A more accurate

* ~description of the actual radial and tangential forces A-round the hole 9surface ghould
reduce the error in predicting crack growth rate. It was decided to make an assessment

of the sensitivity of the prediction to the natuire of the assumption regarding the fric-

*tional f.)rce distribution. It is possible that frictional forces build tip relatively

more, close to the origin of the crack, than at other points of contact owing to large

amounts of relative slip taking place in that area. This is evidenced by the fretting

* marks on the surface of the hole at the minimum section in the area of crack initiation.

In the case of the lug uinder consideration these marks can be uip to 3mm wide.

%taking the Assumption that v increases locally from 0.3 to 0.6 over a 14* arc

* (3.mm long), the previously described tuothod was used to detertuink- the resulting change

-in AK . It was founid that AK (compared with the ca se for Lt - 0) was increased by

be-tweeni 30% at a/r -0.01 and 11.5X at air - 0.30, as shown on Fig 22. If the arc over

which the f7rititonal forces are increased is reduced to only 4' (0.9mia long), it is found

* tat wih sualerrane o crck enth is affected to such a large extent. For

*example, if the OrtLriontal forces are Increased by a factor of 5 over A 4' arc, producing

d I0% increatse in% &K at a/r -0.01, th" increase in AK is Less than~ I 1 at air 0.08.~

A value of u - 1.5 does4 qno appeat to be practicail buit was assumed Lo aild comparisan as

it nrod%.cas a similar ef fect on AK at a/r 0 .01l to the assumption that w is doubled

over 4 14' arc, Howeve'r, frictional forces of the sanae magnittude could exist with more *

*feasibld vAlues of vj , ie less than unity, It the radial pressiure over this small region

was hirher thani given by the oissutaption mitde of a eastie distribution. This could result ___

from the hiole elongating *indoer loading and 'wrapping around' the pin at the lug minimum

sqetiLot. It can be seen fromg F-g 2P that the nature of the frictional forces close to '*

the crack otigin has A large eftect on AK at short crack lengths; the closer the forced

-ire to the origin 'ýf the crack, the shorter the crack length affected.

* ~~Tnis coticlusiin satt'gests thar the predlctt.on of the experimuentally derived result

*toe a dry c.learance fit pia couldi be made more -tctirate, than that plotted on Fie, 20, if ..

adifferent abisumnption for the distribution of vr was tude. if ji built up relatively

more ±loqe to the origin of the e.-uck than given by the 4asumption made of ti -0.3 sin 6,

and rdlAr$.vel~ livas at pointii away from the crick orilgin near the top of the hole, then

2 Oha pritdiettd incr-ýase in AK due to) frictional forces would be greaiter at low values of *.

a/ir And amalle.e at high values of air . The prediceted valuepi of Y would then be tauch

cloget to the Qperitst~trlly desiced result over the full rainge of a/r tani tho8e sh1own

or, Via 26~. Nowever, there ta no further itifortuttion available at this timue oin which to

*. hae a suitable dittribution of v 4around the hole. Further work should be carried out

to help define a twre accurate dtistribution of raidial ;%nd tangentilt forces ulider



"5 CONCLUDING REMARKS

In a previous keport by the author experimental AK distributions were pre-

sented, derived from crack propagation rate measurements of corner cracks for the case of

a lug loaded by a clearance fit pin. It was found that the crack grew much faster (by

-: approximately an order of magnitude) at short crack lengths than predicted by available

fracture mechanics solutions. Examination of the findings of basic studies of fretting _""_"__"____

fatigue strongly suggested that this difference between predicted and observed growth .4 r

rate was due to the action of frictional forces between the pin and hole surface, which

"are normally ignoired in theoretical analyses.

,'. In order to substantiate this hypothesis, crack propagation rate measurements have .. .

beet, carried out on lugs in which frictional forces were reduced by lubrication and

eliminated from aroond the origin of the crack by the use of pins with flats. It was

found that in addition to extending the life to the initiation of a small crack (around

0.5 ma), the reduction and removal of frictional forces led to a very large fall in

,, propagation rate ovez the shorter crack lengths (up to around 6 mm or a/r - 0.5). "

Previously reported measurements of radial strain on the face of the lug at the top

of the hole indicated that the ratige of radial pin pressure decreased during load cyclin-

owing to a build up of frictional forces which share the pin load with the radial

pressure. From an examination of the results of these measurements it was concluded that

these frictional forces were alternating in nature, it they acted in opposite directions

at the maximum and minimum points in the load cycle. Thus, at maximum load they act to

cause a reduction in radial pressure around the hole, and at minimum load they are

reversed, thus opposing the reduction in radial pressure due to the decreasing pin load.

The total range of radial pressure is thetaby reduced. The radial strain measurements,

together with information on radial pin pressure distrAibutions derived from the liters-

. ture, allowed an estimate to be made of the actual distribution of radial and tangential

forces in a lug. It was found that including the effects of alternating frictional

forces, rather than consid-ring radial pressure only, in a fracture mechanics analysis of

a lug led to a significant increase in AK , and hence crack growth rate, at short crack

lengths. The increase in AK was found to be much greater than the increase in the

', maximum value of K • The sensitivity of the prediction to the form of the assumed fric-

"' tional force dastribution was assessed and it was found that the magnitude of the forces

very close to the crack origin was particularly imporLant, governing the growth of short

cracks."..

The experimentally observed results of using lubricated pins and pins with flats .* ..... •.

could be predicted with reasonable accuracy, and good agreement for the case of a normal

dry pin was achieved at short crack lengths, up to approximately I mm. However, at • * _.

longer crack lengths the predictions of &K were between 20-30Z higher than the expert-

. mentally derived results. This is probably due to a lack of knowledge of the actual
distributions of radial and tangential forces, at the start of crack growth, and the way ".". ".'X .

in which these forces change with increasing crack length. It was demonstrated that ,-,.t....

closer agreement between theory and experiment could be achieved if it was assumed that .. ,,
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the frcticonil forces buitt uap rela~tvely more, close to the c.,,..oi.,,,.d.rlatve:

,-"less, at points ditsgat f roe the origin, than defined by the aswsuptton made of 55.'.5 ,..-'.-
S• -~ 0.3 sin e. 
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Appendix . .

* . . 5. • .,., . , . .

LOAD TRANSFER BY RADIAL PRESSURE AND FRICTIONAL FORCES : .

a. .: _ _ _o__ _ _.....__ __ _ __ __ _ __ _ _ _.___ _
A.1 Contribution of frictional forces to pin load

schematic diagram is presented on Fig 23a of the radial and frictional forces •'. .

.-- acting on the hole surface in a lug With Lhe pin load increasing and approaching its .
nmaximum value in the cycle. As shown, the frictional forces act in opposite directions

on either side of the top of the hole and produce a resultant force in the direction of
.-" the movement of the pin relative to the lug. Thus, the resultant forces due to both the '.'.S..

radial pressure and frictional forces act in the direction of the pin load, it upwards on "'

Fig 23a, through the centre line of the hole. Therefore, the introduction of frictional '

* forces leads to a reduction in the radial pressure around the hole for this load case.
"* By symmetry, the resultant horizontal force (at right angles to the direction of the pin

"* load) due to the radial and frictional forces must be zero.

The directions of the radial and frictional forces acting on the hole surface with

the pin load reducing and approaching its minimum value are presented on Fig 23b. It can

" .. be seen that the frictional forces have reversed in direction, compared with those on
Fig 23., and act to produce a resultant force downwards, in the direction of the movement .

of the pin relative to the hole. As the direction of the resultant of the frictional

forces acts in the opposite direction to that of the radial forces, the introduction 0.
frictional forces leads to an increase in radial pressure around the hole at the miaimum

-. ii'• [,', .stress in the load cycle. The load cycle considered is shown in the insert to Fig 23 and l "."

is wholly tensile, as in the crack propagation experiments. .,:,,,.:.,,.

The principles outlined in the description above are demonstrated in section 2 of .

this Appendix. in which the effects of two assumed distribtions of frtctional forces an

the radial pressure around the hote are calculated. . "

,*" A,.2 Calculation of the effect of friction on radial pressure "'.

Referrtig to fig 24 and resolving the vrtitcal load (d4) acting on the sull "" "'""

%:elemeat of the hole surface subtended by the anglo di.

For unit thicknoss:,,..,

F ( cot a + s i 4) Cold (A-)

%, %%...'

1 S. a I t i I

Using~ the 44suamutioattu m adei sectioa 3 ".%S':

* I a i I

*u~ttcq fo rma o sa W

RaM a r to0+L1t046cs(1d

.-at. 5, i f, • .•r a J t5:. ... .. o. ..... '

.' [' ]Substituting fur' " °r an u `, e: `"`S * 5
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w/ 2 "

Total pin force (F) - r 1 0 + v it% 0 cos 0 dO (A-3) . .,
rmax ImaxI~* O

-w/2

,+ co 20 2. . ..S r + P sin 0 co 0 dO (A-)..* A ° I - - , • ...-

r12 2 max"

-- 0 +i~ cosin 20 x, 
- ,

a r I+ 4+ (A-5)

max -/

--/2

r[ sinoma mx n

therefore F - 0 - " "6)

Let w * I and substitutig tinto equation (A-6). At the maximum stress in the
max

load cycle the trictional forces act in the direction shon uo Fitg 21a. '-".

F (maximum load)
Therefore 0' (vith friction) * [ ; (A-7)

max
'.% %*

and a * Sx(A-8)
2 (•o •rt ttoa) -•(,%-81 p... ." .. .':

r (wit friction)

0 (vtth friction) '•

r

Thus, the Preaoee of frictiona. forced. defined by u a sin O, leads to 4 I ."1 ..

rcawtoa W~ Cho value of 6 4t the MieuOO- stress in the IUad cycle.
S. 

.C 
V..I " l - *

s ax,• .- .., ,

At Cho ftiatft strods In the 104d cycle, the fictiaul forces act In the direction

Ahow-'% W, vt4 41b, a0u~t4n4 tully rowV1604 trtit tonal forced. 9.

( sn Isue load In eycld)

tat n" -

S t. r ( /S . . . . t . .. . . . t . . .

% 

i ig ii !i 
o, 

I

.I-.

0 (no irtictiod) A1-'5** *

r r ,. "..*.**. **..

S.':.'" ',M..
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a (with friction) '

therefore -- 572-12/3
or (no friction)

max

max,

Shubstiuigit qain(-0, at the minimum stress in the load cyclehepeec offctna fres-

aeaureens dscrbe (in se iction)3

r I/ - 2.62
maax

Ausiuit Ovao eqata(Ax) t h iimum stress in the load cycle, qain(-)gvs

0.447 068S
maax____

( 0it frith* friction) 233a

maxx

Thus, it Can be seen that the assumptton of the pretence of alternaoting frictional

'.forces. defined by Li - *in 0. in conjunction vith a radial pressure ditriebution defined

by at a cos 0. leads to the predictioa that tho radial pressure around the hole is
IVI I 

N

greater at the stini=u stroes than at the eatitaum stress in the load cycle. This is a *a~

such larder effect than observed experimentally, therefore a lower value of V tso

Astumed ink Caiale Z.

Leta

At the eAxn-tau street tek the load cycle. substitution for v~ itt #quattoa (A-6) :

V ~0.56sF .

0; (Vith friction) r wfl max2]

aman

* a ~~~(no Ifriction) r.72r

* p 
I

'all II..*mas
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At the minimum stress in the loAd cycle, &a$in for R 0.62 and asasumtng fully " * '

reversed frictional forces:

r0/2F 0.452113fmax Hma x .-. '. .
" (vich friction) - O.F ' _________;.•,~ r_,./2 - 0 .2] r." -.- """-"•

max_____

0.62F 0.395F4 max max _,

0 (no friction) a rLr/21 - r 
'

ma~x

FS .. ~ ~~~ra d i a l p r e s s u r , r a e " ' - . -
therefore 'ao rag - (0.636 - 0.395)

0..241"F

r

-' 2radial pressure range -(0.565 -0.452) Fa
(vith friction) I

'S . F ° . ° -.. .

percentage ch~ange in
Therefore radial pressure range a(0.24 - 0.111 M 100

0.241•i- - .TT-

due to frLecttn 0.241

a53.4%

This is very close to the e•perltitally observed reduction in r4dial pressure

r~age of 55z.

I, Sj

*, ., ,.. ,.'*4 ..... 5. ,

4. 5s ••s* •S.sS s * s~ :
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LIST OF SYMBOLS

A Head height of lug " distance from centre of hole to end of lug

.; K stress intensity factor , ,

K K based on maximum pin bearing stress in cycle .*. "*".
b

K maximum value of K in cycle
4, max

K minti•um value of K in cycle '... Q
* sin

K fracture toughness
C

K ,K K K due to point and cosine distribution of load respectively
p Cos

R stress ratio - (minimum stress)/(aximum stress) in constant .
amplitude fatigue test

- W vidth of lug

Y stress intensity coefficient or correction factor -(AK)/(o A&)

a crack length

. d diameter of hole in lug

da/dN crack propagation rate (length per cycle)

r radius of pin

t thickness of lug

4K semi-rauge of alternating K (K K )/2

0° angle subteaded at hole centre, measured from h&ad of lug

Ishear stress fito

coef•icient of friction

• * o setsi-rcane of alternattig gross section stress * (alternating load)/(Av) ,,...

a oradial pin pressure

*,0 MAxiWau value of 0 " "

,.'.,...

,... *:.::. b*4 h;.;;.-
,... .' ~ ~..." -. , 4q:.

,.[.• .~44~ .. ,.'..•
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Fig 4

q 0

Specimmn number L65 1039 ~-

10 *pl

Spectrum:2500 cycles at alternating stress 23 MN/rn2

5000 cycles at alternating stress 11 MN/rn2

at mean stress a95M N/rn2

xx X xxXx X) X
XXX X X X x XX X

X XX XX

-4

E * Crack growth from initiation point n to face
E Crack growth from initiation point along bore

Curve represents approx 70%. of total fatigue life
Total fatigue, life :2. 23 x 10~ cyc~es (at 23 MN/rn2 alternating stress)

Log man Lfe *3. 31 x 10~ cycles (at 23 MN/rn' alternating stress) ***..
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41*4

__5_ is_ _ _ _

Crac legt (mm)

Fi., 4_________ Crack________ propagation_ -unfr u oaid1.a'.eftpn ihn
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,.1 Fig5 5.

-310 L
Specimen No L65 1157 - assembled with water j"
displacing penetrant /lubricant - replenished atregular intervals

Spectrum- 2500 cycles at alternating stress 23 MN/m2

Spectrum: 5000 cycles at alternating stress 11 MN/M 2

Mean stress- 95 MN/m2" ,
':" ~~~~~Load ' ',+".-,"

* -. . Ail stresses based on net area- Ldt
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Crack length (mm)

Fig 5 Crack propagation curve for lug with lubricated pin
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Fig 6
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Newmans solution adjusted for
cosine radial load distribution
(see diagram below)

S....... Newmans solution
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Fig 18
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